We theoretically and experimentally investigated the optical second-harmonic (SH) diffraction from metasurfaces based on gold complementary split-ring resonators (CSRRs). We have demonstrated that the generated SH currents are mostly parallel to the incident polarization and are asymmetric with respect to the base of a CSRR, thus allowing us to impose the phase change of π on the SH radiation by reversing the CSRR's orientation. We verified this concept of geometry-induced nonlinear phase by designing and fabricating a nonlinear metasurface consisting of supercells of CSRRs with opposite orientations that can function as a SH beam splitter. The ability to control the phase of the local nonlinearity coupled with the high transmittance at both fundamental and SHG wavelengths makes the CSRRs good candidates for the construction of highly efficient three-dimensional nonlinear metamaterials and suitable for applications in nonlinear beam shaping. Metallic nanostructures can support collective electron excitations known as surface plasmons (SPs). Associated with the excitations of surface plasmon resonances (SPRs), light can be concentrated into subwavelength volumes, producing large local electric field enhancements [1, 2] . These electric field enhancements have already been widely used to enhance the nonlinear optical process [3] . As the lowest order nonlinearity and also one of the most important nonlinear optical effects, second-harmonic generation (SHG) has been investigated in recent decades in various noncentrosymmetric plasmonic systems, such as L-shaped [4, 5] , T-shaped [6, 7] , and G-shaped particles [8] [9] [10] ; dimers [11, 12] ; oligomers [13] ; and nanocups [14] . The main research has focused on the intrinsic mechanism and the enhancement of the effective second-harmonic (SH) nonlinearity. Split-ring resonators (SRRs) have also recently been experimentally demonstrated to exhibit high conversion efficiency at the magnetic dipolar resonance [15, 16] . More importantly, a mirror inversion of the SRR with respect to its base has been shown to be able to impose a π phase shift on the locally generated SH nonlinearity [17] . Based on this mechanism, we arranged the SRR and its inverted structure appropriately to implement the engineered diffraction, intense focusing, and polarization control of the output nonlinear signals [17, 18] . Moreover, it has also been suggested that such a π phase shift can be exploited to build threedimensional (3D) quasi-phase-matching (QPM) nonlinear metamaterials with much higher nonlinear conversion efficiency [17] . However, the SRRs have transmittance minima at both the excitation and SHG wavelengths [16] , which could lead to the attenuation of the propagating fundamental wave and SHG in the 3D nonlinear metamaterials composed of multilayered SRRs. On the other hand, complementary SRRs (CSRRs) have been demonstrated to exhibit high SHG efficiency comparable to the SRRs but with one advantage: They have transmittance maxima at the operation wavelengths [19] , which allows them to overcome the shortcomings associated with the low transmittance in the SRRs. So far, however, it is still unknown whether CSRRs have the same ability as SRRs to provide the phase control over the local nonlinearity, which is the foundation to construct highly efficient 3D QPM nonlinear metamaterials and implement nonlinear beam shaping.
Metallic nanostructures can support collective electron excitations known as surface plasmons (SPs). Associated with the excitations of surface plasmon resonances (SPRs), light can be concentrated into subwavelength volumes, producing large local electric field enhancements [1, 2] . These electric field enhancements have already been widely used to enhance the nonlinear optical process [3] . As the lowest order nonlinearity and also one of the most important nonlinear optical effects, second-harmonic generation (SHG) has been investigated in recent decades in various noncentrosymmetric plasmonic systems, such as L-shaped [4, 5] , T-shaped [6, 7] , and G-shaped particles [8] [9] [10] ; dimers [11, 12] ; oligomers [13] ; and nanocups [14] . The main research has focused on the intrinsic mechanism and the enhancement of the effective second-harmonic (SH) nonlinearity. Split-ring resonators (SRRs) have also recently been experimentally demonstrated to exhibit high conversion efficiency at the magnetic dipolar resonance [15, 16] . More importantly, a mirror inversion of the SRR with respect to its base has been shown to be able to impose a π phase shift on the locally generated SH nonlinearity [17] . Based on this mechanism, we arranged the SRR and its inverted structure appropriately to implement the engineered diffraction, intense focusing, and polarization control of the output nonlinear signals [17, 18] . Moreover, it has also been suggested that such a π phase shift can be exploited to build threedimensional (3D) quasi-phase-matching (QPM) nonlinear metamaterials with much higher nonlinear conversion efficiency [17] . However, the SRRs have transmittance minima at both the excitation and SHG wavelengths [16] , which could lead to the attenuation of the propagating fundamental wave and SHG in the 3D nonlinear metamaterials composed of multilayered SRRs. On the other hand, complementary SRRs (CSRRs) have been demonstrated to exhibit high SHG efficiency comparable to the SRRs but with one advantage: They have transmittance maxima at the operation wavelengths [19] , which allows them to overcome the shortcomings associated with the low transmittance in the SRRs. So far, however, it is still unknown whether CSRRs have the same ability as SRRs to provide the phase control over the local nonlinearity, which is the foundation to construct highly efficient 3D QPM nonlinear metamaterials and implement nonlinear beam shaping.
In this letter, by theoretically investigating the nonlinear (SH) response from the CSRRs-based metasurfaces excited under normal incidence at the fundamental resonance, we have demonstrated that the generated SH currents are mostly parallel to the incident polarization and asymmetric with respect to the base of the CSRRs. These features make it possible to impose the phase change of π on the SH currents and the locally generated SH radiation by mirroring the CSRR with respect to its base. Furthermore, by constructing an array of CSRRs with periodic inversion of their orientations, we experimentally observed the engineered SH radiation at the nonlinear RamanNath diffraction angles, which agrees well with the calculated result and in turn confirms the ability of the CSRRs to provide phase control over the local nonlinearity.
We first considered a uniform array of gold CSRRs placed on a quartz substrate, which is schematically shown in Fig. 1(a) . Each CSRR element was characterized by a set of geometry parameters l 1 (the arm length), w 1 (the arm width), l 2 (the base length), w 2 (the base width), and t (the thickness of the gold film). To explore theoretically the linear optical properties of the structure, we performed numerical simulations by a commercial finite-element method (FEM) software package (COMSOL Multiphysics, Burlington, Mass., USA). In the calculations, periodic boundary conditions were employed to mimic periodicity and all the sharp corners were rounded with a radius of curvature of 5 nm to avoid possible numerical artifacts. The refractive index of the quartz substrate was assumed to be 1.46, and the permittivity of gold was taken from the experimental data of Johnson and Christy [20] . Figure 1(b) shows the linear transmission spectrum of the CSRRs square array with the period of a 400 nm calculated for normal incidence of light polarized along the CSRR arm, which is complementary with respect to the excitation configuration of the SRRs [16] . As expected from Babinet's principle [21, 22] , the transmittance through the CSRRs will be interchanged with the reflectance of the corresponding SRRs, which ensures a transmittance maximum at the fundamental resonance for the CSRRs [brown-colored dashed line in Fig. 1(b) ] rather than a transmittance minimum for the SRRs. In particular, it is also possible to simultaneously achieve a high transmittance at the wavelength that is half of the fundamental resonance wavelength by carefully tuning the geometrical parameters of the CSRRs, as indicated by an orange-colored dashed line in Fig. 1(b) .
To investigate the SHG from the CSRRs, we also employed a hydrodynamic model of the free electron dynamics [16] . This model was used previously to handle SHG process in metallic structures such as SRRs and T-shaped nanoparticles [17, 23] . With this model, surface contributions to the SH polarization could be approximated by an effective nonlinear current sheet at the surface of the nanoparticle given by
where ω is the fundamental frequency, n 0 is the electron density (5.7 × 1022 cm −3 for gold), e is the electron charge (1.602e −19 C), and γ is the electron collision rate (1.07 × 1014 s −1 for gold). The unit vectors b t, and b n are parallel and normal to the metal interface, respectively, and P == 1 b t · P 1 and P ⊥ 1 b n · P 1 with P 1 being the linear polarization in the metal bulk region which can be numerically calculated in the FEM simulations. Figure 1(c) shows the resultant SH surface currents of the CSRR excited by a normally incident fundamental wave (λ FW 1400 nm, corresponding to the fundamental resonance) polarized along the CSRR arm, in which the SH surface currents were found to be concentrated at the surface of the central metal patch. Figure 1 (c) also shows that the SH currents are mostly parallel to the polarization of the fundamental wave and, more importantly, are asymmetric with respect to the base of the CSRR. Therefore, a mirror inversion of the CSRR with respect to its base is able to reverse the direction of the generated SH currents, and consequently impose a π phase shift on the SH currents. Furthermore, the SH near-fields are highly localized around the corners of the central metal patch [ Fig. 1(d) ], demonstrating that there is almost no interaction between neighboring CSRRs.
In the following section, we have demonstrated that the relative π phase shift between the SH currents in the CSRRs and in the mirrored-CSRRs can be used to manipulate the SH waves. The inset of Fig. 2(a) is a schematic example of an array design that can function as a SHG beam splitter by engineering the nonlinear SHG diffraction. In this design, we employed a six-resonator unit cell consisting of three CSRRs for each orientation to construct the nonlinear metasurface where the super period along the x direction is p 6a 2400 nm. The calculated linear transmission spectrum of the proposed metasurface under normal incidence of light polarized along the y direction is shown in Fig. 2(a) , which remains almost unchanged compared to the uniform array of CSRRs [ Fig. 1(b) ], revealing that a mirror inversion of the CSRR would only have a weak effect on the linear optical properties. Figures 2(b) and 2(c) , respectively, show the calculated far-field SHG emission from the uniform CSRR array and the proposed metasurface both excited by a normally incident 
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Vol. 41, No. 13 / July 1 2016 / Optics Lettersfundamental wave (λ FW 1400 nm) polarized along the y direction. As expected, the uniform CSRR array gave rise only to a main lobe representing a zeroth-order SHG due to the spatially homogeneous orientation of the CSRRs [ Fig. 2(b) ]. The most remarkable radiation features for the modulated CSRR array are the two strong side lobes locating around the emission angles of 17°[ Fig. 2(c) ], demonstrating a SHG beamsplitting behavior. For a nonlinear metasurface with short light-matter interaction length, the SHG diffraction is in the Raman-Nath regime and thus only a transverse phasematching condition must be satisfied [24, 25] . For normal incidence, the SHG diffraction angle was determined by
where m is an integer number representing the diffraction order, λ FW is the fundamental wavelength, and p is the period of the metasurface along the x direction. At a specified emission angle of θ, the SHG signal is the sum of the contributions of all the CSRRs and mirrored CSRRs in the metasurface, which is equal to where A is the amplitude of the radiation emitted by the nonlinear dipole moment of a single CSRR, N is the total number of the unit cells, β kp sin θ, and α ka sin θ with k 2π∕λ being the wavevector are phase steps between neighboring unit cells and dipoles, respectively. Then s 1-3 and 4-6 represent the three CSRRs and the three mirrored CSRRs in the unit cell, respectively. The last multiplier in Eq. (3) will achieve the maximum value of N 2 , when β∕2 is equal to mπ, which corresponds to the occurrence of m th-order diffraction. In our design, since all the resonators were equally spaced (p 6a), we had β 6α. The SHG intensity into the mth diffraction order was then given by:
According to Eq. (2), for the 1400 nm fundamental wavelength (700 nm SHG wavelength) and 2400 nm periodicity, the available propagating SHG diffraction orders were jmj 0, 1, 2, and 3, among which the SHG intensity into the even-orders (jmj 0 and 2) became zero, as given by Eq. (4). The calculated first-order diffraction angles θ SH 17°were found to correspond well to the directions of the strong side lobes in the calculated SHG radiation pattern, as indicated by the arrows in Fig. 2(c) . We noted that the amplitude (A) of the radiation emitted by the nonlinear dipole moment had a dependency on the emission angle and will become smaller at the larger emission angle. Therefore, the SHG intensity into the third-order diffraction (θ SH 61°) was considerably smaller than the first-order SHG diffraction and could be hardly seen in Fig. 2(c) .
We fabricated both uniform and modulated CSRR arrays with a footprint of 50 μm × 50 μm by focused ion beam milling in a 20 nm thick gold film supported on a quartz substrate. The scanning electron microscopy (SEM) images of the representative regions of the two arrays are present in Figs. 3(a) and 3(b) , in which the up and down arrows refer to the sign of the effective χ 2 in the CSRRs with opposite orientations. To excite the SHG, we tuned femtosecond pulses with a duration of 100 fs and a repetition rate of 1 kHz derived from an optical parametric amplifier to λ FW 1400 nm and used as pump source. The fundamental wave propagated along the z axis with its linear polarization along the y axis and was slightly focused to a ∼30 μm-diameter spot onto the samples from the substrate side under normal incidence. The average power of the fundamental wave was ∼0.2 mW. The transmitted optical signals passed through a short pass filter to block the pump light and then were collected by an objective (50 × , 0.7 N. A.).
With a tube lens, the back focal plane of the objective, which is a Fourier image of the radiation from the sample, was imaged onto a cooled back-illuminated electron multiplying charged coupled device (EMCCD) camera. Figures 3(c)  and 3(d) , respectively show the k space images of emitted forward SHG emission from the uniform and modulated CSRR arrays. Figure 3(c) shows that the uniform CSRR array, with the periodicity of a 400 nm smaller than the wavelength of the SHG light (λ SH 700 nm), gave rise only to a zeroth-order SHG. On the other hand, for the modulated CSRR array with the superlattice periodicity (p 2400 nm) much larger than the SHG wavelength, the π phase shift between the SH nonlinearity of the CSRRs having opposite orientations resulted in a destructive interference for the zeroth-order SHG signal, and thus we could only observe the first-order SHG diffraction with the emission angles of ∼ 17°in Fig. 3(d) . The experimental results agree very well with theoretical predictions and demonstrate that the SHG emission can be engineered by designing nonlinear phase gratings based on the geometry-induced nonlinear phase shift.
In conclusion, we have demonstrated that SH currents generated in the CSRRs are mostly concentrated in the central patch of metal, parallel to the CSRR arms, and asymmetric with respect to the CSRR base. As a result, the phase change of π on the locally generated SH radiation can be imposed by mirroring the CSRR with respect to its base. Although we only designed and fabricated a SHG beam splitter consisting of supercells of CSRRs with opposite orientations in this work, the geometry-induced nonlinear phase shift presented here can also be exploited to design nonlinear optical elements such as frequency converters, all-optical switches, scanners, nonlinear lenses [17] , and polarizing beam splitters [18] . Furthermore, the ability to control the phase of the local nonlinearity coupled with the relatively high transmittance at both fundamental and SHG wavelengths makes CSRRs good candidates for the construction of highly efficient 3D nonlinear metamaterials by appropriately stacking the CSRR and the mirrored-CSRR layers along the propagation direction of light. 
